Abstract
INTRODUCTION
The construction of apartment buildings in Slovakia started expanding in 1950. The best technologies and procedures available were used in the construction process at that time. External constructions were being made from materials with thermal characteristics corresponding to the regulations and standards valid at the time of their construction.
Currently, the STN 73 0540 standard has been valid since 1 January 2013. There are four values of thermal resistance given in the standard: the minimum, normalized, recommended and target (STN 73 0540-2, 2012) . The requirements for the minimum level of the thermal insulation of building constructions, in terms of their heat transfer coefficient (U-value), has become stricter compared to the values that were valid in 1964 and 1977 . For refurbished buildings the requirements are 50 to 70 % stricter for external walls, 40 to 60 % stricter for the roof, and 50 to 60 % stricter for windows (Chmúrny, 2003; STN 73 0540, 1964; STN 73 0540-2 , 2012) . This implies an energy-saving potential after refurbishment of 50 to 60 %.
OBJECTIVE AND METHODOLOGY OF THE ANALYSIS
The main objective is to analyse the effect of the thermal insulation of an apartment building's envelope on the heat loss and, subsequently, the effect of the change in the heat loss on the hydraulic balance of the heating system from the point of view of thermo-hydraulic stability. Based on this analysis, the convenience of different types of control valves applied to the existing heating systems in buildings after their renovation is to be determined from the point of view of their functioning and construction parameters.
The method is based on a parametrical study of the effect of changes in the thermal characteristics of a building envelope on thermal heat loss and the effect of the volume flow rate of the heating medium on pressure conditions in the heating system and on hydraulic stability, by a mathematical calculation tool created using Microsoft Excel
• for each node of the heating system, a so called "node rule" applies, which expresses the balance of the flows from one node to another, • for each radiator circuit, a so called "circuit rule" applies, which expresses the balance of pressures causing the circulation of the heating medium, i.e., the balance of active and passive pressure gradients (pressure losses), • for each radiator and heated space, the balance of proportional heat flows supplied by the heating medium to the radiator, the proportional flows emitted into the heated space by the radiator, and the proportional heat losses of the heated space, applies. The buildings investigated in this experimental study were two eight-story buildings with unheated underground floors, located next to each other in Bratislava. The apartment building referred to as the "original" has its building construction in its original condition. The apartment building referred to as "refurbished" has the external walls, roof and ceiling of the underground floor insulated and the old windows replaced by new ones. The thermal characteristics of both buildings are listed in Tab. 1.
In both buildings the heating system has two pipes and a Tichelmann bottom uniflow distribution. The heating system is directly connected to the district heating. In the original house high-resistance valves are installed before each radiator and set on a low pressure loss. There is a combination of a pressure difference controller with a balancing valve on each riser. Stop valves are installed at the connection to the heating system (the connection to the heating system is the point where the primary network enters the building and becomes the heating system in the building). In the refurbished apartment building, there are also high-resistance valves installed before each radiator and set on a high pressure loss. There are spherical valves on each riser, and there is a combination of a pressure difference controller and a balancing valve at the connection to the heating system. Both heating systems have a hydraulic balance.
THE EFFECT OF REFURBISHMENT ON THERMAL LOSSES
After the refurbishment of the envelope constructions, the thermal characteristics of the refurbished building changed, as seen in Tab. 2. Tabs. 2 and 3 show the results of the calculations for the whole building and for a reference (typical) room in accordance with STN EN 12831 for the original house and for the refurbished house, respectively (Dahlsveen and Petráš, 2003; STN EN 12 831, 2004) . The refurbishment of the envelope constructions is given for two variants: for a typical refurbishment (insulation of the external walls and replacement of the windows), and for a complex refurbishment (insula- tion of the external walls, replacement of the windows, insulation of the roof, and insulation of the underground story). From Tabs. 2 and 3 and the graph in Fig. 5 , it can be seen that after the implementation of the energy-saving measures, the changes in the thermal losses of the rooms located on typical floors are of the same magnitude as those for the whole building. After the insulation of the external walls and replacement of any transparent constructions, the thermal losses decrease by about 50 %. However, the thermal losses of the rooms located on the top and bottom floors only decrease by about 30 %. After the additional thermal insulation of the roof and the ceiling of the underground floor, the thermal losses of the top and the bottom floors also decrease by 60 %. Thus, the rooms located in the middle of the building, the rooms located at the top and at the bottom, and also the building as a whole, have the same decrease in thermal losses after the complex thermal insulation.
From a comparison of the effect of the respective energy-saving measures applied to the envelope, it can be seen that it is not correct to base any calculation of the heat loss decreases only on the heat loss calculated for the whole building, but it is also important to check the heat loss of each room, which can differ significantly, depending on its location in the building. The most frequently applied energy-saving measures, i.e., the insulation of external walls and the replacement of old windows, decrease the heat loss on the middle floor to 50 %; however, on marginal floors the decrease can be up to 70 %. Taking this into consideration, it can be either assumed that the heat loss was only 70 % on each floor or that the heat loss decreased to 50 % and that the radiators on the top and the bottom floors should be replaced. However, these two approaches do not result in any savings. Therefore, in the refurbishment process it is also necessary to insulate the roof as well as the ceiling of the underground floor in order to make the decrease in heat losses uniform throughout the building, which is important in the process of the design and correction of the heating system. Otherwise, the heat loss of the rooms located on the marginal floors may not be fully covered by the heat output of the radiators.
THE EFFECT OF REFURBISHMENT ON THE PRESSURE CONDITIONS IN A HEATING SYSTEM
Taking into account the fact that the heating system is directly connected to the district heating, it is not possible to decrease the heat flow transferred by the heating system by decreasing the temperature gradient of the heating system. Such a measure would require a high amount of investment for the installation of a three-way mixing valve and an additional pressure source (a circulation pump), which would in turn result in increased operating costs. Therefore, it is suggested that the adjustment of the transferred heat flow to the actual heat loss of the building could be realized by changing the volume flow rate of the heating medium proportionally in to proportion defined in the previous section, i.e., 70 % or 50 %.
The setting of the thermal losses to the changes in the temperature of the outside air is performed on the heat source, by means of an equithermic curve, thereby changing the temperature of the heating medium (Burkhardt and Kraus, 2006; Pekarovič at al., 1994) . Vol. 23, 2015, No. 4, 8 -18 The thermo-hydraulic stability of the heating system is affected by: -the temperature of the heating medium by means of the effective uplift, -the volume flow rate of the heating medium by means of pressure losses.
Tab. 3 Changes in the thermal heat loss of the building and a typical room on the top, middle and bottom floors.

Condition of the construction
In the process of refurbishment, the system has to be designed so that any changes in the abovementioned parameters affect the thermo-hydraulic stability as little as possible. Since the distribution system remains the same and the effective uplift in the heating system is given by the construction height of the building, the only means of assuring the thermo-hydraulic stability is regulation valves.
Setting the pressure conditions and thereby the thermo-hydraulic stability of the heating system is based on the algorithm shown in Fig.  6 . The calculation of the pressure conditions was performed for the heating system on the top floor (indicated as 803 in Fig. 4 ), based on relationships thoroughly described in the literature (Burkhardt and Kraus, 2006; Pekarovič at al., 1994; Dahlsveen and Petráš, 2003) .
The values of the effective uplift, which were obtained from the equithermic curve for the temperature gradient of the heating medium of 90/70 °C and for the indoor air temperature of 20 °C (Šulcová, 1999) , are given in Tab. 4. In the calculations, the effective uplift ratio of u = 0.5 (the value commonly used by designers) and of u = 1.0 (the actual effective uplift in the heating system) was assumed.
The pressure conditions occurring in the heating system were calculated for the following valves: a) low-resistance valves before the radiators, closing valves at the bottom of the risers and at the connection to the heating system -the pressure gradient at the connection to the heating system is variable, b) high-resistance valves before the radiators -the pressure gradient at the connection to the heating system is constant, c) for a static hydraulic balance of the heating system -high-resistance valves with a pre-set, located before the radiators; bal- ancing valves with a pre-set, located at the bottom of the risers; a pressure difference controller, located at the connection to the heating system -the pressure gradient at the connection to the heating system is constant (the heating system applied in the refurbished building), d) for a dynamic hydraulic balance of the heating systemhigh-resistance valves with a pre-set and a temperature controller, located before the radiators; balancing valves and pressure difference controllers, located at the bottom of the risers and at the connection to the heating system -the vertical piping was evaluated (heating system applied in the building in the original condition).
a) Heating system with low-resistance valves before the radiators
Inputs to the analysis: -low-resistance valve with a pre-set, located on the supply pipe before the radiator, -slope closing valves at the bottom of the risers, -stop valve at the connection to the heating system, -the pressure difference at the connection to the heating system is variable -the evaluation was done for the pressure differences of 4 kPa and 12 kPa, respectively, -the pressure loss of the pipe network is Δp p = 4,332 Pa at a 100 % volume flow rate, Δp p = 2,132 Pa at a 70 % volume flow rate, Δp p = 1,163 Pa at a 50 % volume flow rate.
b) Heating system with high-resistance valves before the radiators
Inputs to the analysis: -high-resistance valve with a pre-set, located in the supply pipe before the radiator, -slope closing valves at the bottom of the risers, -the pressure difference controller at the connection to the heating system -the pressure gradient at the connection to the heating system is kept constant at 10 kPa, -the pressure loss of the pipe network is Δp p = 4,332 Pa at a 100 % volume flow rate, Δp p = 2,132 Pa at a 70 % volume flow rate, Δp p = 1,163 Pa at a 50 % volume flow rate.
c) Heating system equipped with static valves
Inputs to the analysis: -high-resistance valve with a pre-set, located in the supply pipe before the radiator, -balancing valves at the bottom of the risers -valves of a static character, -the pressure difference controller at the connection to the heating system -the pressure difference at the connection to the heating system is kept constant, 13 kPa, -the pressure loss of the pipe network is Δp p = 7,332 Pa at a 100 % volume flow rate, Δp p = 3,337 Pa at a 70 % volume flow rate, Δp p = 1,763 Pa at a 50 % volume flow rate.
d) Heating system equipped with dynamic valves
Inputs to the analysis: -calculation of the pressure conditions referring to the bottom of the risers (in cases a, b and c the calculations refer to the point of connection to the heating system. -high-resistance valve with a pre-set located in the supply pipe before the radiator, -balancing valve combined with a pressure difference controller located at the bottom of the risers -pressure gradient at the bottom of the risers is kept constant at 7 kPa, -the pressure loss of the pipe network is Δp p = 1, 656 Pa at a 100 % volume flow rate, Δp p = 798 Pa at a 70 % volume flow rate, Δp p = 459 Pa at a 50 % volume flow rate.
The pressure conditions on the radiators in the heating system with valves before the radiators, for the four cases investigated in this study, are in Figs. 6 and 7.
From the graph in Fig. 7 it can be seen that before the refurbishment at a 100 % volume flow rate of the heating medium, the calculation pressure loss of the valve and the calculation pressure before the valve are virtually the same (columns 1 and 2). However, in reality the pressure before the valve relative to the pressure loss of the heating system is much higher (column 3) due to the high effective uplift. Column 4 shows that the destabilisation of the pressure gradient at the connection to the heating system causes an increase of the pressure before the radiator valve to an extent that the valve cannot cope with, resulting in a significant lack of balance of the system. The situation is further exacerbated by decreasing the volume flow rate as a consequence of the thermal insulation of the building, when the difference between the pressure loss on the valve (columns 5 and 8) and the pressure before the valve (columns 6, 7 and 9, 10) increases significantly. For this reason, low-resistance valves are not more suitable for current heating systems. Moreover, assuring a constant pressure at the connection to the heating system is necessary.
Tab. 5 Pressure conditions on the radiator in the heating
In Fig. 8 it can be seen that when using high-resistance valves, the effect of an effective uplift on the pressure conditions before the valve is negligible (columns 2 and 3). When the volume flow rate is decreased, the pressure loss of the heating network, as well as the pressure loss of the valve before the radiator (columns 4 and 7), decreases, and the system becomes unbalanced from the point of view of the hydraulic conditions (columns 5 and 8). The difference between the pressure loss of the valve before the radiator and the pressure before the valve increases even more after the installation of balancing valves (static valves -they work in a way similar to the pipe network) at the bottom of the risers (columns 5 and 8 -solution 2). Therefore, after the insulation of the building envelope and the subsequent decrease of the volume flow rate, it is necessary to change the pre-set of Vol. 23, 2015, No. 4, 8 -18 the valve before the radiator (if the valve construction permits that) or to replace the valve with a more suitable one (columns 6 and 9). If the pressure before the valve is so high that the valve is not able to cope, it is necessary to split the heating system into two separate hydraulic sections (solution 3) and install a balancing valve in combination with a pressure difference controller at the bottom of the risers.
THE EFFECT OF REFURBISHMENT ON THE THERMO-HYDRAULIC STABILITY OF THE HEATING SYSTEM
From the abovementioned tables and figures, it can be seen that the variations in the volume flow rate through the heating system as a result of the thermal insulation of the envelope affect the pressure conditions in the heating system and, thereby, the thermo-hydraulic stability of the heating system. The extent of this effect can be quantified by the degree of hydraulic stability X, expressed through the volume flow rate or through the pressure difference (pressure gradient) (Andreas at al., 1985; Bašta, 2003; Petitjean, 1998) :
M -immediate volume flow rate of the heating medium through a section of the heating system (kg/s), M 0 -calculation of the volume flow rate of the heating medium through a section of the heating system (kg/s), Δp -immediate pressure difference referring to the corresponding section of the distribution network (Pa), Δp 0 -calculation of the pressure difference referring to the corresponding section of the distribution network (Pa).
The degree of hydraulic stability compares the actual immediate condition with the calculated condition. A degree of hydraulic stability of at least 0.7 is recommended for two-pipe heating systems (Bašta, 2003; Pekarovič at al., 1994) .
By decreasing the volume flow rate of the heating medium as a consequence of the thermal insulation of the apartment building to a value of 70 % or 50 % of the original calculated volume flow rate, the degree of hydraulic stability, calculated in accordance with equation (1), will be 0.7 and 0.5, respectively. In the former case, the boundary value is still reached, but in the latter case the degree of hydraulic stability indicates an unstable heating system. The formulation of the degree of hydraulic stability through volume flow rates in accordance with equation (1) does not consider the way in which the heating system is balanced. On the other hand, the degree of hydraulic stability expressed through pressure gradients in accordance with equation (2) also takes into account the effect of the heating system and its components. Therefore, it is more efficient to calculate the degree of hydraulic stability based on equation (2). The degree of hydraulic stability, which is calculated based on the pressure gradients in the heating system for different types of valves in the system before and after refurbishment of the heating system (replacement of the valves before the radiator), is listed in Tab. 9.
From Tab. 9 it can be seen that by decreasing the volume flow rate of the heating medium as a consequence of the thermal insulation of the building, without any intervention in the heating system, the required degree of hydraulic stability of X ≥ 0.7 is achieved only in the case with high-resistance valves (case b). After the refurbishment of the heating system by replacing the low-resistance valves with high-resistance valves and by changing the setting of the pressure gradients of the existing high-resistance valves or eventually by the replacement of the valves, the degree of hydraulic stability of the existing heating system increases above 0.9. Increasing the degree of hydraulic stability has a positive effect on the uniform distribution of the volume flow rates among the radiators.
RECOMMENDATIONS ON REFURBISHING HEATING SYSTEMS wITH RESPECT TO THE THERMO-HYDRAULIC STABILITY OF THE SYSTEM
After the refurbishment of the apartment building, the requirements for the heat flow to the heating system connected to the district heating system changed. Based on the present study, the following recommendations can be given in order to assure the thermo-hydraulic stability:
• After a complex refurbishment of an envelope, the volume flow rate of the heating medium changes to 50 %.
• The temperature of the heating medium in a refurbished heating system remains unchanged.
• The original radiators remain; a change of radiators should only be considered on the floor above the underground floor and the top floor.
• A pressure difference controller should be installed at the connection to the heating system. • High-resistance valves with thermostatic heads and the possibility of a pre-set (fluent or with only a small distance between Tab. 9 Degree of the hydraulic stability of the heating system before and after renovation. the pre-set values) should be installed before the radiators. The minimum pressure loss of the valve is twice the maximum effective uplift; the maximum pressure loss is limited by the acoustic pressure level of the valve, as given by the manufacturer.
• After the refurbishment of a heating system, it is always necessary to perform calculations of the hydraulic conditions -the balancing of the heating system. The effective uplift should not be taken into account in the calculations.
• The application of balancing valves at the bottom of the risers is only possible in combination with a pressure difference controller.
• The pressure loss of the balancing valve should be low and is affected by any pressure losses of the circuit. The minimum preset value of the balancing valve is given by the manufacturer, and as a rule it is represented by the second curve from the left.
• Only balancing valves suited for the insertion of measuring probes in order to allow an investigation of the physical parameters in a heating system should be installed in a heating system. • Only pressure difference controllers suited for an interconnection with the balancing valve and for the insertion of measuring probes permitting the measurement of the physical parameters in the heating system should be installed in a heating system.
CONCLUSION
In the present contribution, thermal and hydraulic conditions are analysed for the heating systems of two apartment buildings, one being in its original condition and the other after the refurbishment of the building constructions. The refurbishment should have a significant effect on the thermal losses of the structure and subsequently on the hydraulic conditions and hydraulic stability of the heating system.
The study was aimed at the: a) analysis and synthesis of the results obtained by the author's own mathematical calculation tool, created using Microsoft Excel Ò , to calculate thermal losses, pressure conditions in a heating system and the hydraulic stability of a heating system, b) correction of the typically recommended ratio of the effective uplift in a heating system after the refurbishment of an apartment building; the effective uplift should not be taken into account in the calculations, c) methodology of the calculations and the evaluation and design of heating systems, with respect to the application of control valves after the refurbishment of the envelope, d) optimization of the physical parameters of heating systems in the process of refurbishment, e) optimization of the degree of the hydraulic stability of heating systems in apartment buildings after refurbishment -the correction of the degree of the hydraulic stability value after refurbishment to X ≥ 0.85, f) the extraction of an algorithm for the design of control valves after the refurbishment of an apartment building.
Based on the analysis of the effect of the changes in the thermal characteristics of the building envelope on the thermal losses of the building and, subsequently, the effect of the decrease in thermal losses on the hydraulic conditions in the heating system from the point of view of the thermo-hydraulic stability, it can be concluded that the refurbishment of the envelope constructions of a building has to be followed by a refurbishment of the heating system. After the refurbishment, it is necessary to replace the low-resistance valves by high-resistance valves. The installation of the high-resistance valves results in an increased degree of hydraulic stability. A constant pressure gradient has to be set at the connection to the heating system by installing a pressure difference controller in combination with a balancing valve. By following these recommendations, an energy saving of 40 to 50 % can be achieved.
